INTRODUCTION M o n o l i t h i c s i l i c o n carbide and s i l i c o n n i t r i d e a r e c u r r e n t l y t h e l e a d i n g s t r u c t u r a l m a t e r i a l s f o r use i n advanced power and p r o p u l s i o n system components. But, although both have good h i g h temperature s t r e n q t h and o x i d a t i o n
r e s i s t a n c e , they c u r r e n t l y e x h i b i t l o w toughness ( b r i t t l e n e s s ) and unacceptable v a r i a b i l i t y i n t h e i r mechanical p r o p e r t i e s ( r e f . 1 ) . The b r j t t l e n e s s o f cerami c s can lead t o sudden c a t a s t r o p h i c f a i l u r e under working stresses. These f a ct o r s l e a d t o u n p r e d i c t a b l e performance which i s t h e most serious handicap t o t h e use o f m o n o l i t h i c ceramics i n load-bearing s t r u c t u r e s . Moreover, these problems a r e aggravated by and usually t r a c e a b l e t o poor c o n t r o l over f l a w p o p u l a t i o n s .
M o n o l i t h i c ceramics a r e very s e n s i t i v e t o minute f l a w s so t h a t even f l a w s i n t h e 20 t o 50 vm s i z e range a r e l i k e l y t o be c r i t i c a l . r e l i a b i l i t y i s t o screen o u t ceramic p a r t s t h a t c o n t a i n harmful f l a w s . Another approach i s t o use nondestructive evaluation (NDE) techniques f o r process cont r o l . This includes use o f NDE techniques d u r i n g processing development research t o d e t e c t and t o h e l p devise ways t o reduce t h e inctdence o f harmful flaws. This r e p o r t describes t h e c a p a b i l i t i e s and l i m i t a t i o n s o f several a c o u s t i c microscopy technlques f o r d e t e c t i n g minute flaws t h a t can severely reduce t h e r e l i a b i l i t y o f m o n o l i t h i c s t r u c t u r a l ceramics.

One way t o assure SCANNING LASER ACOUSTIC MICROSCOPY (SLAM)
A SLAM system i s depicted i n f i g u r e 1, where a continuous wave t r a i n produced by an u l t r a s o n i c c r y s t a l I s transmitted through a m a t e r i a l sample. The waves a r e modulated by surface roughness, m a t e r i a l t e x t u r e , anomalies and f l a w s . I n t e n s i t y and phase v a r i a t i o n s o f waves reaching t h e opposite surface c r e a t e a disturbance p a t t e r n t h a t i s d u p l i c a t e d on t h e r e f l e c t i v e c o v e r -s l i p coupled t o t h e surface. The disturbance p a t t e r n i s raster-scanned by a l a s e r beam over an area approxlmately 2 m2. p a t t e r n , i s r e f l e c t e d onto a photo-detector and converted i n t o an e l e c t r o n i c s i g n a l f r o m w h l c h a video image i s generated. The video image shows f e a t u r e s w i t h i n t h e m a t e r i a l sample (cracks, voids, i n c l u s i o n s ) t h a t have i n t e r c e p t e d t h e through-transmitted waves. r a t e s and i s u s u a l l y presented a t a r n a g n i f i c a t l o n o f roughly 1OOX. The sample may be s l i d sideways t o get new images a t d i f f e r e n t l o c a t i o n s . SLAM images generated by a 100 MHz c r y s t a l appear i n f i g u r e 2.
The l a s e r beam, modulated by t h e
The SLAM image i s refreshed a t video frame
The r e l i a b i l i t y o f SLAM f o r f l a w d e t e c t i o n i n s i l i c o n carbide and s i l i c o n n i t r i d e was evaluated by i n t r o d u c i n g known populations of microvoids l n t o r e p r e s e n t a t i v e samples ( r e f . 2 ) . Green ceramic powder compacts were seeded w i t h p l a s t i c microspheres f r o m 50 t o 530-pm diameter. t i l l z l n g t h e spheres i n a preheat treatment. The seeded voids remained a f t e r s i n t e r i n g t h e compacts i n t o modulus-of-rupture (MOR) bars. The seeded microvoids were representative o f n a t u r a l voids t h a t account f o r roughly 25 percent o f f r a c t u r e o r l g i n s found i n ceramic MOR specimens ( r e f . 3 ) . The numbers o f seeded voids o f various s i z e s were s u f f i c i e n t f o r generating p r o b a b i l i t y -o fd e t e c t i o n (POD) s t a t i s t i c s . Results a r e shown i n f i g u r e 3.
Voids formed a f t e r vola-I t i s evident from f i g u r e s 2 and 3 t h a t surface p r e p a r a t i o n by p o l i s h i n g or g r i n d i n g i s needed t o enhance t h e d e t e c t a b i l i t y even o f near-surface voids g r e a t e r than 50-pm diameter. r a t i o i n SLAM images. Moreover, MOR bar samples w i t h a s -f i r e d ( a s -s i n t e r e d ) surfaces show decreased f l a w d e t e c t a b i l i t y w i t h increased thickness. Flaw d e t e c t a b i l i t y also depends on t h e r e l a t i v e coarseness o f t h e m a t e r i a l micros t r u c t u r e . I n s l l i c o n carbide samples f l a w d e t e c t a b i l i t y was found t o be s i gn i f i c a n t l y l e s s than i n s i l i c o n n i t r i d e samples t h a t had a much denser g r a i n s t r u c t u r e ( r e f . 4 ).
Surface roughness a f f e c t s t h e s i g n a l -t o -n o i s e SLAM i s an e x c e l l e n t research t o o l b u t has somewhat l i m t t e d a p p l i c a b i l i t y t o complex shapes u s u a l l y found i n heat engines. a t e s t o b j e c t i s needed. Applied t o simple geometric shapes, SLAM does p e r m i t continuous real-time imaging. sonic imaging methods and f o r analyzing wave propagation modes. t o v i s u a l i z e wave i n t e r a c t i o n s . The s i z e and depth o f some types of f l a w s can be determined f r o m SLAM image d i f f r a c t i o n p a t t e r n s ( r e f . 5 ) .
Access t o opposing sides o f SLAM can form a basis f o r assessing o t h e r u l t r a -I t can be used SCANNING ACOUSTIC MICROSCOPY (SAM)
SAM i s b a s i c a l l y a r e f l e c t i o n C-scan technique. As shown i n f i g u r e 4, SAM uses a pulse-echo plezotransducer t o generate and r e c e i v e u l t r a s o n i c r a d i a t i o n . Usually, t h e t e s t o b j e c t i s immersed i n a l i q u i d medium, b u t o t h e r versions r e q u i r e o n l y a s m a l l drop o f l i q u i d t o h e l p t r a n s m i t u l t r a s o n i c waves. An a c o u s t i c lens focuses the u l t r a s o n i c energy. By a d j u s t i n g t h e d i s t a n c e between t h e transducer and t e s t o b j e c t surface
i t i s p o s s i b l e t o p u t t h e f o c a l p o i n t a t d i f f e r e n t planes w i t h i n t h e o b j e c t . Mechanical scanning i s used t o b u i l d images o f features near those planes. The amplitude o f t h e u l t r a s o n i c s i g n a l returned t o t h e transducer f r o m w i t h i n t h e sample w i l l be n i l i f t h e r e i s no r e f l e c t o r o r d i s c o n t l n u i t y a t a given p o i n t . t i o n , o r i n c l u s i o n , the s i g n a l s t r e n g t h w i l l vary according t o t h e a c o u s t i c mismatch w i t h the m a t e r i a l a t t h a t l o c a t i o n . The s i g n a l s t r e n g t h f o r each x-y coordinate p o i n t i s d i g i t i z e d and added t o an image a r r a y . Upon completion o f
Should t h e r e be a void, delamina-a frame scan, the completed image is called up on a video monitor. A SAM image generated with a transducer operating at a center frequency of 50 MHz appears in figure 5. Unlike SLAM images, SAM images are not instantaneous (i.e., not produced at video frame rates). SAM images are produced by mechanical microscanners so that it may take up to 10 min to image a 5 mm square area with a 25 pm line resolution. Video frame rates are possible with high-speed, acousto-mechanical drivers. Then, the scanned area must be several orders smaller. These latter SAM devices achieve higher magnifications and usually operate at transducer frequencies exceeding 1 GHz. This calls for metallurgically polished surfaces that are impractical for the Inspection needs contemplated here (ref. The depth to which flaws can be PAM is readily adapted to complex shapes by designing appropriate isolation cells to contain them. Of the techniques mentioned so far, only PAM is essentially noncontacting (SLAM and SAM required liquid coupling). Conceptually, because it does not need liquid couplants that would be detrimental, PAM should be applicable to green samples. But PAM has a serlous drawback because laser beams with intensitles sufficient to generate strong acoustic waves can mar t h e surface along t h e scan l i n e s . Subsequent s i n t e r i n g o f t h e marred samp l e s a p p a r e n t l y causes cracks i n t h e scanned areas t h a t do n o t appear i n t h e unscanned areas. Hence, PAM seems i n a p p r o p r i a t e f o r green ceramics. Moreover, continued scanning o f green samples tends t o r e l e a s e gases t h a t coat t h e c e l l window and occlude t h e l a s e r beam.
SCANNING ELECTRON ACOUSTIC MICROSCOPY (SEAM)
A SEAM system i s depicted i n f i g u r e 9. An e l e c t r o n beam r a s t e r scans and c y c l i c a l l y heats micron diameter areas on t h e sample surface. t r o n beam c u r r e n t f l o w , i t i s necessary t h a t t h e sample be housed i n a h i g h vacuum enclosure whlch i s u s u a l l y shared w i t h a scanning e l e c t r o n microscope (SEM) system. Then, t h e system operates i n two modes: SEM and SEAM. The SEM mode w i l l produce a conventional backscatter e l e c t r o n Image o f t h e sample surface. modulated, u s u a l l y a t frequencies i n t h e range from 100 Hz t o 10 kHz. As each spot i n t h e rastered area i s heated, a c o u s t i c emission waves a r e generated w i t h i n t h e sample. by flaws and other i m p e r f e c t i o n s . The r e s u l t a n t s i g n a l s a r e sensed by a piezoe l e c t r i c c r y s t a l bonded t o t h e sample, u s u a l l y t o t h e face o p p o s i t e t h e one being scanned. p l e appear i n f i g u r e 10.
To a l l o w e l e c -I n t h e SEAM mode t h e e l e c t r o n beam i s o f h i g h e r i n t e n s i t y and c y c l i c a l l y These t h e r m a l l y induced a c o u s t i c emissions a r e modulated SEM and SEAM images o f t h e same area o f a s i l i c o n c a r b i d e samThe SEAM technique i s c e r t a i n l y a p p r o p r i a t e f o r m a t e r i a l s research and f o r i n s p e c t i n g m i c r o e l e c t r o n i c c i r c u i t components and s i m i l a r a r t i c l e s . Ceramics and o t h e r nonconductors need t o be coated w i t h a conducting l a y e r t o a t t r a c t t h e beam electrons. A carbon d e p o s i t on s i l i c o n c a r b i d e o r s i l i c o n n i t r i d e samples a l s o enhances image c o n t r a s t . The need f o r a h i g h vacuum environment
can pose a problem f o r some types o f ceramic p a r t s , e s p e c i a l l y i f they tend t o outgas. SEAM images can be produced a t r a t e s i n t e r m e d i a t e between SLAM and PAM. The image of a 5 mm square area can be generated i n roughly 1 min. 
The l i n e r e s o l u t i o n o f SEAM i s o f t h e order o f 5 pm. The s p a t i a l r e s o l u t i o n o f SEAM images depend on t h e thermal wavelength w h i l e t h e depth o f d e t e c t i o n depends on t h e thermal d i f f u s i o n l e n g t h i n t h e m a t e r i a l ( r e f . 8).
i n e t h e r e l a t i v e strengths and l i m i t a t i o n s o f t h e techniques. technique should be evaluated i n terms o f p r o b a b i l i t y o f d e t e c t i o n (POD) s t at i s t i c s . Otherwise, i t i s impossible t o a s s e r t t h e e s s e n t i a l m e r i t o f any
given technique over another. Accomplishing t h i s proves t o be q u i t e d i f f i c u l t because known populations o f d i f f e r e n t kinds o f l i k e l y flaws need t o be system a t i c a l l y embedded I n representative t e s t samples. One f L F q u e n t l y -o c c u r r i n g f a i l u r e -c a u s i n g f l a w t y p e can be represented by artlficla';y implanted microvoids. This r e p o r t covers POD s t a t i s t i c s f o r o n l y one tecnnique, namely SLAM, t o i l l u s t r a t e i t s microvoid detection c a p a b i l i t y . The SLAM example provides a touchstone f o r assessing t h e r e l a t i v e m e r i t s of t h e remaining a c o u s t i c microscopy techniques discussed h e r e i n .
I d e a l l y , each
Acoustic microscopy techniques should be considered f o r r e s o l v i n g flaws i n t h e range from 10 pm t o several hundred microns. To achieve s u f f i c i e n t spat i a l r e s o l u t i o n i t i s necessary t o r e s t r i c t t h e area t o be imaged, t y p i c a l l y from 1 mn2 t o about 1 cm2. Although t h e r e may be compelling reasons t o i n s p e c t c e r t a i n c r i t i c a l areas t o the 10 pm l e v e l o f r e s o l u t i o n , i t i s curr e n t l y i m p r a c t i c a l t o demand t h a t every square m i l l i m e t e r o f a ceramic heat engine p a r t be inspected t o t h a t l e v e l . Searching f o r minute f l a w s and a t t e m p t i n g t o r e s o l v e each one can lengthen i n s p e c t i o n t i m e beyond acceptable bounds. This s i t u a t i o n demands t h a t c a r e f u l c o n s i d e r a t i o n be g i v e n t o optimum i n s p e c t i o n s t r a t e g i e s . These s t r a t e g i e s should be guided by a n a l y t i c a l i d e n t if i c a t i o n o f those l o c i t h a t m e r i t d e t a i l e d i n s p e c t i o n f o r minute f l a w s .
Although SAM appears t o be the b e s t technique f o r s i n t e r e d ceramics no s i n g l e a c o u s t i c microscopy technique can be c i t e d as t h e p r e f e r r e d one and none of t h e techniques can be e l i m i n a t e d from consideration. I f a technique i s n o t s u i t a b l e f o r hardware i n s p e c t i o n , then i t may be p r e f e r r e d as a research t o o l . Each technique has a t l e a s t one d e s i r a b l e f e a t u r e l a c k i n g i n t h e others. For example, SAM gives b e t t e r f l a w d e t e c t i o n and d e f i n i t i o n than SLAM, b u t SLAM gives Immediate images w h i l e SAM takes more t i m e t o image t h e same area. The f i n d i n g s presented i n t h i s paper were obtained through research conducted a t o r under c o n t r a c t t o the NASA Lewis Research Center. Each a c o u s t i c microscopy technique was viewed r e l a t i v e t o i t s a p p l i c a b i l i t y t o green s t a t e and f u l l y d e n s i f i e d (e.g., s i n t e r e d ) ceramic components. Convenience i n exami n i n g p a r t s having complex shapes was a l s o considered. Techniques t h a t do n o t r e q u i r e c o n t a c t probes a r e p r e f e r r e d f o r ease of i n s p e c t i o n and, p a r t i c u l a r l y , t o a v o i d p e r t u r b i n g green s t a t e compacts. U l t r a s o n i c methods u s u a l l y r e q u i r e probes t h a t make contact through a coupling medium. use l a s e r s f o r producing and sensing u l t r a s o n i c waves a r e a t t r a c t i v e a l t e r n at i v e s . Of t h e methods described herein PAM uses a l a s e r beam t o produce u l t r asonic waves w h i l e SLAM uses a l a s e r beam t o d e t e c t u l t r a s o n i c s i g n a l s t h a t have propagated through a p a r t .
Noncontact methods t h a t
One technique t h a t o f f e r s noncontact l a s e r Imaging c a p a b i l i t y i s t h e so-called mirage technique. I n the mirage technique a normally i n c i d e n t chopped l a s e r beam heats a spot on t h e surface. w h i l e j u s t sklmmlng p a r a l l e l t o t h e surface i s d e f l e c t e d by t h e a i r lens formed due t o heating. The d e f l e c t i o n i s r e l a t e d t o t h e flaws o r s u b s t r a t e anomalies a t t h e heated spot ( r e f . 9 ) . Other noncontact approaches belonging t o t h i s thermal wave imaging genera u t i l i z e i n f r a r e d emission o r probe beam r e f l e c t i o n t o d e t e c t f l a w s and anomalies. These l a t t e r techniques a r e under study and have reported r e s o l u t i o n s of t h e order o f 1 pm. O f course, t h i s r e s o l u t i o n c a p a b i l i t y I s won a t t h e expense o f long times needed t o produce an image. Moreover, they are s u b j e c t t o e f f e c t s o f surface roughness, curvature, adsorbed layers, and b l n d e r s / v o l a t i l e s i n green s t a t e m a t e r i a l s .
A second l a s e r beam t h a t crosses t h e f i r s t CONCLUSION This paper reviewed acoustlc microscopy techniques s u i t a b l e f o r f l a w d e t e c t i o n and imaging i n m o n o l i t h i c ceramics. The c a p a b i l i t i e s and l i m i t a t i o n s o f f o u r techniques were described and compared: scanning l a s e r a c o u s t i c microscopy (SLAM), scanning a c o u s t i c microscopy (SAM), photo-acoustic microscopy (PAM), and scannlng e l e c t r o n acoustlc microscopy (SEAM). Although t h e review g i v e n h e r e i n was n o t comprehensive, i t d i d attempt t o i n d i c a t e t h e n a t u r e and c u r r e n t advantages and disadvantages o f t h e aforementioned techniques. The main conclusion i s t h a t although SAM 
appears t o be a v e r s a t i l e h i g h r e s o l u t i o n d e t e c t i o n technique, i t would be i n a p p r o p r i a t e t o exclude t h e o t h e r s from cons i d e r a t i o n i n special cases o r as means t o augment o r c o r r o b o r a t e SAM. I t was a l s o p o i n t e d out t h a t acoustic microscopy i s by nature time-consuming and
h i g h l y dependent on f a c t o r s l i k e surface roughness whenever flaws o f t h e order o f 30 pm o r l e s s a r e sought. This demands t h a t use o f a c o u s t i c microscopy techniques be based on c a r e f u l l y considered s t r a t e g i e s f o r t h e i r a p p l i c a t i o n t o a c t u a l hardware. 
AS-FIRED BAR (SLAM)
AFTER
